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A. Introduction
Our capacity to synthesize nanoparticles of specific shape and composition has rapidly advanced over the last decade due to the significant interest that nanotechnology has received. It is now possible to design and synthesize multi-segmented and multi-layered nanoparticles of defined composition from two or more inorganic, organic, or biological materials. 1, 2 Novel nanoparticles have been developed for biomedical and biotechnological applications where they play an important role in in 20 vitro diagnostics, in vivo imaging, vaccines, and therapeutics, due to their strong interaction with electromagnetic fields and ability to interact with cells and biomolecules. 3 Of particular interest are multifunctional nanoparticles that act as highly sensitive contrast agents for cancer diagnosis as well as carriers of small molecule or biomolecular therapeutic agents. For example, gold nanoparticles can be readily functionalized with antibodies and polynucleotides, and act as contrast agents for X-ray based computer tomography and near infrared imaging when excited at their plasmon resonance frequencies. Even 25 more interestingly, coating Au nanoparticles on dielectric spheres has been found to enhance their optical properties. 4 Superparamagnetic iron oxide nanoparticles (SPIONs) have also been used for targeting and imaging of specific cancers in vivo 3 and the fact that these nanomaterials also adsorb magnetic radiation has led to their use as agents for hypothermia therapy. 5, 6 Targeting of specific cell types in vivo for diagnostic and therapeutic purposes has remained a challenge due to the 30 numerous macromolecular components of blood that adsorb on nanoparticles and the body's multiple mechanisms for clearing nanoparticles from the circulation. 7, 8 Nanoparticle surfaces are typically coated with a polymer monolayer, such as, dextran or polyethyleneglycol (PEG), to improve their stability and biocompatibility, and prolong their blood half-life. These polymer coatings decrease the amount of protein that adsorb on the nanoparticle surface and increase the hydrodynamic size of the particles sparing the smaller particles from rapid elimination in the reticuloendothelial system. To target specific cell 35 types, nanoparticles need to be further functionalized with agents that recognize specific molecules presented on the target tissues. Nanoparticles have been synthesised that are capable of targeting a variety of proteins that are over-expressed on certain types of solid tumours, i.e., folate receptors via folic acid, 9 integrin α v β 3 via RGD peptide, 10 and mutant epidermal growth factor (EGF) receptor EGFRvIII via a specific antibody. 11 Unfortunately, these receptors are rarely unique to cancerous tissues and this leads to the targeting of the nanoparticle to additional regions in the body. Studies of the 40 interaction of nanoparticles with cultured cell lines indicate that they also non-specifically interact with cells that have poorly regulated endocytic pathways. For example, the enhanced permeability and retention effect (EPR) has been used to target cancers with nanoparticles based on particle size. [12] [13] [14] Ideally, nanoparticles' interaction with culture cells in vitro could be rapidly screened to determine the mechanism of particle-cell interaction before testing in animal models. In this article we present the results of a study of the interaction of Fe-Au nanorods ~150-200 nm in diameter composed of 45 segments of defined length with cultured cells using an optical microscope capable of tracking individual rods. The Fe-Au nanorods were functionalized with a PEG monolayer and heregulin (HRG), which is known to bind to a set of receptors that are over expressed in some breast cancers, i.e., the ErbB2/3 receptors. A novel microfluidics device is described that allowed the dynamics of the nanoparticle interactions with the cells to be studied in very small volumes under defined flow conditions in conjunction with magnetic tweezers measurements. This technique has been used to characterize the HRG 50 functionalized nanorods' (NR-HRG) interaction with specific regions of two cell lines with known levels of expression of ErbB2/3. Magnetic tweezers has been used to characterize the interaction of the nanorods with the cells, which took place at the cell membrane since the particles appear not to be internalized. We suggest that these tools provide a powerful means to characterize nanoparticle-cell interactions in vitro, and the strong MRI contrast of the nanorods suggests that these studies can be translated to in vivo animal studies. B. Methods
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B. Synthesis of Fe-Au two segmental nanorods
The PAA templates were synthesized by a three-step anodization method described previously. 14 chromium oxide at 20 V and 60°C for 45 sec. This polished piece of aluminium was anodized in 0.42 M oxalic acid at 40 V and 0.9°C for 11 hours. The alumina layer was removed from the sample using an aqueous mixture of chromium oxide, phosphoric acid, and water (45 g/L / 3.5 vol% / 96.5 vol%) at room temperature for at least 5 hours. A second 6-hour anodization and 5-hour stripping step was conducted under the same conditions as described above. A third 5-hour anodization step produced highly ordered PAA template. The PAA was removed by immersing in saturated mercury chloride 5 aqueous solution for 4 hours. The as-prepared PAA membrane was then immersed in phosphoric acid solution for pore widening for 10 min resulting in a pore diameter of approximately 60 nm. The synthesis of segmented metal nanorods was based on the method developed described previously. 14 Briefly, an Au layer (ca. 200 nm) was sputtered on one side of the PAA template to serve as a working electrode in an electrochemical setup. An Ag/AgCl reference electrode and a Pt wire counter electrode was utilized to form a three-electrode configuration. 10 The electrodeposition was controlled with a potentiostat/galvanostat. An Ag layer (ca. 2 µm) was first electrodeposited into the nanopores from a silver plating solution at a constant potential of -0.8 V (vs. Ag/AgCl). The Au and Fe layers were deposited from a commercial electroplating solution and freshly made iron sulphate solution (FeSO 4 .7H2O, 120 g/L; boric acid, 45 g/L; ascorbic acid, 1 g/L), respectively, at -0.9 V (vs Ag/AgCl). The segmental length of each element was controlled by monitoring the charge during deposition, and 100 nm segments of Au and Fe required 0.003 and 0.009 15 Coulombs, respectively. The PAA membrane and Ag segment were removed with sodium hydroxide aqueous solution and fuming nitric acid, respectively. Dispersed Fe-Au nanorods were obtained after surface modification as follows: The nanorods were washed thoroughly with sodium hydroxide solution, deionised water, and ethanol. In a subset of experiments, Fe-Au rods 203.4±6.1 nm in diameter were synthesized using a commercial Al 2 O 3 membrane filters with pore back-side diameters of ~200 nm as described above using following parameters: 125 mC for Au and 3C for Fe segments. Figure 1A 20 presents scanning electron micrographs of the rods in which the gold sections can be easily identified due to higher propensity to scatter electrons.
Surface chemistries
Fe-Au nanorods 203.4±6.1 nm in diameter, composed of 77.9±5.4 nm long Au and 1.35±0.07 µm long Fe segments, were coated with self-assembling PEG monolayers ( Fig. 1B) . First, the Fe segment was coated with methoxy-PEG via silane 25 chemistry; then, the Au segment was coated with carboxyl-PEG via thiol chemistry. The Fe segment was coated with 1mg/mL methoxy-PEG-silane (2 kDa; Creative PEGWorks) dissolved in 2:1 mixture of toluene and triethylamine (Et3N). Following the overnight reaction at RT, pentane was added to precipitate the nanorods and the mixture was centrifuged. The precipitation step was repeated 3×. The Au segment was then coated with COOH-PEG-SH (3.4 kDa; Creative PEGWorks) dissolved in EtOH (1 mg/mL). Following the overnight reaction at RT, the nanorods were rinsed 3× with EtOH. Nanorods 30 were dispersed in 2-(N-morpholino)ethanesulfonic acid (MES) buffer and incubated with a mixture of 1-ethyl-3-[3dimethylaminopropyl]carbodiimide hydrochloride (EDC; Thermo Scientific) and N-hydroxysulfosuccinimide (Sulfo-NHS; Thermo) for 30 min, both 10 g/L, dissolved in MES buffer. After 3× PBS rinsing, particles were incubated with 0.6 g/L streptavidin (STR) in PBS for 2 hours at RT and overnight at 4°C. STR-conjugated nanorods (NR-STR) were rinsed 3× with and dispersed in PBS containing 0.02% Tween20. Recombinant HRG (R&D Systems) was biotinylated using sulfo-NHS- 35 biotin at 20-fold excess of the latter. Excess biotin was removed using a spin column (Thermo). Biotinylated HRG (5 µM) was mixed with NR-STR in a rotating wheel for 1 hour, after which the nanorods were thoroughly rinsed with PBS.
Lab-on-a-chip and magnetic tweezers experiments
In vitro cell targeting experiments were conducted on cells cultured in a novel microfluidic device. 15 Polydimethylsiloxane (PDMS) microfluidic devices that have 4 mm long, 750 µm wide, and 75 µm high grooves were fabricated using 40 photolithography and replica molding processes. Inlet and outlet holes were punched out of the PDMS and the devices were permanently bonded to glass coverslips using oxygen plasma. MCF7 and MDA-MB-231 cells were seeded in UV-sterilized (2); Au segment is coated with PEG-carboxyl (3) and conjugated with streptavidin (4). Free HRG was modified with biotin (5) . Biotinylated HRG was bound to STR at the gold tips (6).
This journal is © The Royal Society of Chemistry [year] microfluidic devices at low confluence. Cells were starved prior to experiment by replacing full DMEM with serum free medium at least for 1 hour. The inlet and outlet wells of the channel were filled with 20 µl fresh medium, representative group of cells were located and imaging was started. Set volumes of HRG or STR-conjugated nanorod suspensions (10 µL) were added to the channels and flowed over the cells until the volume difference in the inlet and outlet reservoirs diminished. Imaging was conducted at 1 fps. Nanorods with a velocity lower than 15 µm/s and with a trajectory that 5 traverses the cell area were considered for cell targeting analysis. For HRG competition experiments, MCF7 cells in microfluidic devices were incubated with medium containing soluble HRG at varying concentrations for 15 minutes. HRGconjugated rods suspended in the same medium were introduced and cell targeting was quantified as described.
A custom-built electromagnet was used to apply forces on HRG-conjugated particles bound to MCF7 cells. Forces acting on the nanorods were calibrated by measuring their drag velocity in fluids of defined viscosity. 16 The force is a function of 10 the distance between the tip of the electromagnet core and the nanorod, as well as the current passing through the coil. The magnitude of the applied force for given horizontal and vertical distance from the tip and for a given current was calculated through interpolation. Acting force per nanorod in each experiment was estimated by interpolating the force values measured at known distances and currents. The multilayer design of the microfluidics chips allows us to maintain an electromagnet tip-nanorod distance no more than 500 µm, which is critical for maximizing force in the cell stretching experiments. MCF7 15 cells cultured in these modified devices were targeted with HRG-conjugated nanorods as described. Live cell imaging was conducted at 1.5 fps while applying periodic stretch (1 s on, 1 s off) at different force magnitudes for 15 min.
C. Results and Discussion
Optical and magnetic properties of the nanorods
We have recently characterized the optical signature of the Fe-Au nanorods using transmission polarization microscopy. 14 20 Nanorods of length ~2 µm (~1 µm Fe and ~1 µm Au) and ~300 nm in diameter could be visualized in both bright field microscopy ( Fig. 2A ) and (Fig. 2B ) crossed polarized optical microscopy, where the latter was achieved by using an orthogonally-aligned polarizer/analyzer pair. Sequential images in Figure 2B show how the scattered light intensity depends on the orientation of the rod where q is the angle between the polarization axis and the rod's longitudinal axis. The optical signature of the gold nanorod was characterized by the polarization dependent change in the scattering intensity of the two 25 bright stripes, which is a result of optical effects associated with the cylindrical geometry of the nanorod, the plasmonic modes excited on the Au section of the nanorod, the ultra-high collection angle of the 1.49 NA objective lens, and the illumination geometry. The dark stripe along the middle of the rod's longitudinal axis resulted from the shadow produced by the cylindrical rod when imaged in transmission direction. In contrast, light scattered from plasmonic modes, which have an altered polarization direction and scattered diffusely from the edges of the rod, can be detected by the wide-angle collection 30 of the objective lens and pass through the analyzer. Figure 2C presents the intensity of the optical signature of the rods that was measured from the images in Figure 2B as a function of θ. The minimum intensity was observed when the illumination polarization was oriented parallel to the longitudinal and transverse axes, i.e., θ of 0°, 90°, 180°, or 270°, and the maximum intensity was observed when the illumination polarization was orientated halfway between the longitudinal and transverse axes, i.e., θ of 45°, 135°, 225°, or 35 315°. The plasmonic contribution to this behaviour can be understood by considering three exemplary orientations. First, when the polarization was aligned parallel to the longitudinal axis of the nanorod, i.e., θ of 0° or 180°, the longitudinal axis plasmon was excited at a maximum level. However, the scattering was polarized along the longitudinal axis and thus was almost completely rejected at the analyzer resulting in the observed intensity minimum. Second, when the polarization was aligned perpendicular to the longitudinal axis of the nanorod, i.e., θ of 90° or 270°, the transverse axis plasmon was excited. 40 Analogous to the previous case, upon scattering, this light had a polarization orientation aligned in the transverse direction that was rejected by the analyzer resulting in the observed minimum. Third, consider now the case where the polarization was aligned halfway between the longitudinal and transverse orientations of the nanorod. In these cases, both longitudinal and transverse axis plasmonic modes were partially excited. However, as the resulting scattered light maintained the polarization defined by the plasmonic modes, the polarization lies at an angle of 45° or 135° to the polarizer and analyzer. When this light was analyzed a relatively large portion of the light passed through the analyzer maximizing the observed intensity. The relative intensity of light transferred through the polarization microscope provides a powerful technique that enabled the orientation of sub-wavelength nanorods to be defined in the far-field without visualization of the Fe section of 5 the rod.
The magnetic properties of the Fe-Au nanorods were characterized with a SQUID magnetometer (Quantum Design, MPMS XL 7T). The magnetization measurements were performed on the nanorod arrays in the PAA membrane with the magnetic field oriented parallel and perpendicular to the longitudinal axis of the rods. The hysteresis loops indicated that the nanorods were magnetically soft and had an easy axis that is oriented along their longitudinal direction. The longitudinal 10 coercive magnetization (H c ), remanent magnetization (M r ), and saturation magnetization (M s ) of the iron section of the nanorods were 40, 14.7±0.7, and 1457.7±73 emu/cc, respectively. The transverse H c , M r , and M s of the iron section were 40, 17.7±0.9, and 1600±80 emu/cc, respectively. The magnetic properties of the Fe nanorods indicates that their saturation magnetization was quite close to that of bulk Fe, which is 1750 emu/cc or 220 emu/g. 17 An important feature of the magnetic properties of the Fe segment of the nanorods was that they were magnetically soft, which allowed the nanorods to be 15 repeatedly used for magnetic separation without acquiring a residual magnetic moment. The hardness of the Fe nanorods are expected to be defined by the size of the iron domains formed during the electrodeposition and size of nanorods. 18 The size dependence of the magnetisation has been characterized for different sized rods, i.e., diameters of 60 and 295 nm, by their squareness, i.e., the ratio between the remanent and saturation magnetization, M r /M s . 19 Smaller rods were have a higher level of squareness than the larger rods, but the relatively low magnitude of squarenesses of all our nanorods suggest that the Fe 20 rods are composed of multi-domain particles. This has been confirmed by high-resolution electron microscopy as shown in Figure 1B . The strong magnetic susceptibility, soft magnetic behaviour, and relatively large size of the class I rods make them an ideal material for magnetic tweezers and diagnostic applications.
Magnetic nanoparticles developed for drug delivery or theranostic applications, such as FePt capsules 20 and Fe 2 O 3 tubes, 21 may also be optimized for magnetic tweezers applications like those presented in this article. Other potential 25 candidates are the soft composite materials with programmable shape changes: Stripes that twist or bend, 22 and tubes that collapse upon exposure to weak magnetic fields 23 can be further exploited for their use as magnetic tweezers probes. Figure 3A illustrates that streptavidin (STR) was successfully localized to the Au tips of the nanorods using fluorescently-labeled biotin. STR also bound to bare Au, but not to unmodified carboxyl groups on a PEG monolayer. 30 Localization of STR to Au tips was further verified by biotinylated fluorescent DNA (Fig. 3B) . When NR-STR were reacted with PEG-biotin surfaces, the Fe segments were free to follow the external magnetic field around the Au tips that acted as pivot points (Fig. 3C) . These observations cumulatively suggested that the two-step surface chemistry successfully functionalized Fe-Au nanorods with specific ligands for active targeting; yet minimized non-specific interactions, which can lead to the premature clearance and mis-targeting of nanoparticles in vivo. 35 ErbB2 and 3 receptors on two different human breast adenocarcinoma cell lines were targeted with NR-HRG. ErbB2 expression levels on both cell types were quantified by using immunofluorescence followed by fluorescence-activated cell sorting (FACS, data not shown) and ErbB3 expression was quantified through Western blotting (Fig. 4F ). In agreement with previous studies, 24 ErbB3 expression was higher in MCF7 cells (Fig. 4F) . When flown over cultured cells, NR-HRG successfully targeted MCF7 cells resulting in higher interaction rates compared to NR-HRG flown over MDA-MB-231 cells 40 and NR-STR flown over MCF-7 cells (Fig. 4 ). Nanorod targeting rates for MCF7 relative to MDA-MB-231 cells correlated with their relative ErbB2 and 3 expression levels. Figures 4B and C present the paths of HRG-conjugated nanorods flowing over MCF7 and MDA cells, respectively, in microfluidic channels. HRG-conjugated rods that were reacted with the MCF7 cells exhibited significantly higher binding rates than those reacted with the MDA cells (Fig. 4E ). There was also a significant level of interaction of STR-conjugated nanorods with MCF7 and MDA cells, which we attribute to nonspecific protein-protein interactions. A detailed microscopic analysis of particle targeting experiments revealed the non-uniform distribution of bound nanorods on cell surfaces. 'Active zones', dynamic extrusions in the cell periphery, attracted both HRG-conjugated rods, and to a lesser extent, STR-conjugated rods. HRG-conjugated rods targeted active zones six times 5 more often than rest of the cell surface (30.7±7.9 vs. 4.9±0.8 rods per 1000 µm 2 , p < 0.005), whereas STR-conjugated rods targeted active zones 3× more often than rest of the cell surface (18.8±4.5 vs. 6.3±0.8 rods per 1000 µm 2 ; p < 0.01). These results suggest that cells expressing specific surface receptors can be targeted with Fe-Au nanorods whose tips are functionalized with appropriate ligands.
Targeting of ErbB2/3 receptors in cancer cell lines and magnetic tweezers measurements
In order to determine whether targeting of HRG-conjugated nanorods was influenced by soluble HRG in binding to MCF7 10 cells, the in-flow cell targeting experiment was repeated by exposing the cells to increasing concentrations of soluble HRG. Particle binding rates were not affected by the presence of free HRG up to 100 nM, a concentration that is two orders of magnitude higher than that needed to induce prolonged activation of mitogen-activated protein kinase/extracellular signalregulated kinase 1/2 (MAPK/ERK) pathway in these cells. 25 The local apparent concentration of HRG on the gold tips of rods was calculated by dividing the estimated number of HRG molecules to the contact volume, which is the contact area 15 multiplied by the estimated diameter of the molecule. The number of molecules was estimated by adjusting the previouslymeasured surface coverage of a similarly sized heterobifunctional PEG coated on spherical particles. 16 The local apparent density was determined to be 300 µM, which may explain the lack of competition between HRG-nanorods and soluble HRG This journal is © The Royal Society of Chemistry [year] in these experiments. Considering the (hetero) dimerization of ErbB2 and 3 receptors 26 and their relative HRG dissociation rates, 27 it appears that the very high local concentration of HRG at nanorod tips results in the formation of strong bonds with ErbB2/3 dimers.
MCF7 cells specifically targeted with HRG-NR were mechanically stimulated by using a custom-built magnetic tweezers coupled to a modified microfluidic device that minimized the gap between the cells in the flow channel and the 5 electromagnet core. Cyclic stretching forces at constant magnitude of 4.1, 8.3 and 12.7 pN were applied to cells targeted with individual rods over a fixed period of time. Receptor-ligand bonds withstand cyclic stretch at low force magnitudes but gradually failed at higher force magnitudes (Fig. 5 ). These results demonstrate that magnetic nanorods targeting specific membrane receptors form bonds that can withstand stretching forces. Due to the small size of the Au tips, the force will be distributed to a limited number of ErbB2/3 receptors. 10 The kinetic and energetic properties of protein-protein interactions can be analyzed through analysis of the magnetic tweezers results. 16, 28 The energy landscape of a chemical reaction may contain one or more sharp activation barriers that need to be overcome for the reaction to occur. External force application increases the unbinding rate by skewing this energy landscape. 29 According to Bell's model, the off-rate of a single, specific intermolecular interaction depends on the externally-applied constant force F 15 k of f = k off ,o ⋅ exp F / f ( ) [1] where k off,0 is the dissociation rate of the interaction in the absence of an external force and f is the scaling force, characteristic of that interaction. 30 This model implies that weak, non-covalent bonds have a limited lifetime and will break 20 under any level of force if pulled on for a sufficient time period. An extension of this model is proposed 31 for multiple parallel bonds of the same type where the off-rate also depends on the number of bonds, n [2]
In this study, constant magnetic forces were applied of 4, 8 and 13 pN at a frequency of 0.5 Hz to characterize the HRG-ErbB2/3 intermolecular bonds. Clearly, very few of the particles were displaced from the cells at the lower forces, but a significant number of particles were displaced at 13 pN of force. This behaviour is consistent with the formation of a small 5 number of slip bonds between the nanorods and the cells.
D. Conclusions
Active cell targeting with multifunctional nanoparticles has recently gained considerable attention. Core-shell 32, 33 and dumbbell-shaped 34 structures were proposed to obtain nanoparticles that contain both Au and Fe 3 O 4 . We have recently described the synthesis of Fe-Au nanorods that have high saturation magnetization, low remanence, uniform size and strong 10 plasmonic activity. 14, 35 In this study, we targeted specific cancer cell receptors using large (Ø = 200 nm) magnetic nanorods with heregulin-functionalized Au tips. Nanorods functionalized with heregulin using a PEG monolayer selectively bound to the MCF7 target cells that have high levels of ErbB2/3 but did not enter the cells. These nanorods bind to cells displaying a low density of ErbB2/2 (i.e., MDA-MBA-231 cells) with a specificity similar to background levels as measured from the interaction of streptavidin-functionalized nanorods with MCF7 cells. Magnetic tweezers measurements indicate that the rods 15 bind to the cells through a small number of receptors. This approach promises to allow us to develop a detailed understanding of the kinetics of interaction of nanoparticles with cell in vitro. More generally, the template synthetic approach employed here may also be scaled down to smaller (Ø < 50nm) nanorods, which are suitable for cell internalization in vivo. The anisotropic nature of Fe-Au nanorods also renders them potential agents for cell destruction therapy, where heating acting on internalized particles have been shown to induce apoptosis. The polycrystalline nature of the Fe segment 20 makes these rods magnetically soft; yet their Ms is >10× higher than of SPIONs, which are widely used as MRI contrast agents. 36 Pure Fe NPs require >20× smaller concentration to generate the same amount of heat as SPIONs of similar size 37 and hence are more suitable for magnetic hyperthermia. 38 Due to these superior qualities, Fe-Au NRs also have the potential to replace SPIONs in targeted molecular imaging and/or hyperthermia, where high particle concentrations are needed. 38, 39 Thus, this study confirms that the physical and chemical properties of the nanorods can be tuned to selectively bind to cells 25 expressing high level of receptors, and suggests that targeting metastasized cells in circulation for diagnostic applications could be highly selective.
